All raw sequencing data have been deposited in NCBI Sequence Read Archive (SRA) database (<http://www.ncbi.nlm.nih.gov/sra>) with the following accession numbers: SRR1909644 (24AP), SRR1909651(72AP), SRR1909652 (CK-24AP), and SRR1909653 (CK-72AP).

Introduction {#sec001}
============

The whitefly *Bemisia tabaci* (Hemiptera: Aleyrodidae), is well known as a worldwide invasive pest and may cause severe damage to various vegetables by feeding on phloem sap and transmitting many viruses \[[@pone.0157684.ref001]\]. It is a complex species containing at least 30 cryptic species \[[@pone.0157684.ref002]\]. B and Q-types are two most economically damaging and invasive species \[[@pone.0157684.ref003]\]. There are many studies focus on biological characterization, resistance, invasive mechanism, and biological control of *B*. *tabaci* \[[@pone.0157684.ref004]--[@pone.0157684.ref012]\]. Over the past years, *B*. *tabaci* has demonstrated a remarkable resistance to many groups of chemical insecticides \[[@pone.0157684.ref013]--[@pone.0157684.ref016]\]. Due to the rapid resistance development, it is necessary to explore an alternative and effective management strategy to control *B*. *tabaci*. Parasitoid or parasitoid--produced regulatory molecules can be used to improve conventional pest control strategies.

Endoparasitoids have been identified as very important natural enemies of various arthropods, and could be used as biological control agents\[[@pone.0157684.ref017]--[@pone.0157684.ref019]\]. Hymenopteran endoparasitoids deposit their eggs into the host insect haemocoel, whose larvae feed on the host until its death \[[@pone.0157684.ref020]--[@pone.0157684.ref021]\]. *Encarsia sophia* is one of the specific parasitoids of *Aleyrodidae* species and has been used as efficacious classic biological control agents in many regions \[[@pone.0157684.ref022]\]. It can parasitize all instar nymphs of *B*. *tabaci*, especially the third and fourth instar nymphs \[[@pone.0157684.ref023]\]. The female wasp is generated by a bisexual process, but the male wasp is produced by autoparasitism \[[@pone.0157684.ref024]\]. Homogeneous *E*. *sophia* prefers to lay male eggs in the host parasitized by the heterogeneous wasp. When *E*. *sophia* and other kinds of wasps are raised or released together, the antecedent colonizers should inhibit the colonization of followers \[[@pone.0157684.ref025]\]. Previous studies have shown that *E*. *sophia* has strong plasticity adaption abilities\[[@pone.0157684.ref026]\].

However, the relationships between endoparasitoids and their hosts are complicated and involve long-term co-evolution. Many studies have investigated parasitoid biological characteristics, chemical communication, phylogenetic co-evolution, and physiological responses \[[@pone.0157684.ref027]\]. An increasing number of researchers have focused on revealing the physiological mechanism underlying the parasite induced immune defensive system and the biological development of hosts in order to estimate the co-evolution process between parasitoids and their hosts \[[@pone.0157684.ref028]--[@pone.0157684.ref031]\]. Although several reports have concentrated on the molecular regulation mechanisms, there have only been a few descriptions of related, functional genes \[[@pone.0157684.ref032],[@pone.0157684.ref033]\]. Furthermore, the limitations of previous research methods has led to the development of high-throughput RNA sequencing technology (RNA-Seq)\[[@pone.0157684.ref034]\].

RNA-Seq is widely used to obtain transcriptomes of the organism, tissue, or organ, to identify genes that were regulated under certain conditions, and to reveal the regulatory mechanisms in different organisms \[[@pone.0157684.ref035]--[@pone.0157684.ref039]\]. In recent years, RNA-Seq has increasingly being applied in the biological agents to reveal the interaction mechanisms in the complex parasitoid-host system. Transcriptome profiling of organism under parasitization helps us to obtain a better understanding of host responses and effect on host's growth, development. As a model species, *Drosophila melanogaster* and its parasitoid wasp *Asobara tabida* (Hymenoptera: Braconidae) is a well-studied system. Most genes associated with insect immunity appeared to be differentially expressed after wasp parasitized \[[@pone.0157684.ref040]\]. Most transcriptome studies on parasitoid-host systems have focused on Lepidoptera and Coleoptera, such as *Plutella xylostella*, *Chilo suppressalis*, *Tenebrio molitor* and *Octodonta nipae* \[[@pone.0157684.ref041]--[@pone.0157684.ref044]\]. A previous study showed that another parasitoid, *Eretmocerus mundus* may parasitize *B*. *tabaci* and induce the specific transcription of functional genes related to immune responses in the host \[[@pone.0157684.ref045]\]. However, the host manipulation by the parasitoid is species-specific, and the molecular mechanism of immune system in *B*. *tabaci* parasitization by *E*. *sophia* has not yet been explored. In this study, we used deep sequencing to explore *B*. *tabaci* response to *E*. *sophia* parasitization. Our results demonstrate that immune- and metabolic-related genes that are differentially expressed in parasitized versus non-parasitized *B*. *tabaci* nymph.

Materials and Methods {#sec002}
=====================

Insects Rearing and Parasitization {#sec003}
----------------------------------

The biotype Q of *Bemesia tabaci* was obtained from the greenhouse at the Beijing Academy of Agriculture and Forestry. All experimental populations were derived from one pairs of newly emerged *B*. *tabaci* female and male. In our laboratory, the *B*. *tabaci* was reared on cotton plants (Zhong-mian-suo 49) in insect proof cages at 26 ± 1°C, and with a photoperiod of 15L: 9D. The purity of the cultures was monitored every three to five generations using the random amplified polymorphic DNA-polymerase chain reaction technique with COI gene \[[@pone.0157684.ref046]\]. *E*. *sophia* was obtained from the greenhouse at Beijing Academy of Agriculture and Forestry. All whitefly instar nymph stages were provided as hosts to *E*. *sophia*. Then approximate fifty *E*. *sophia* (female to male ratio of 8:1) individuals were released into cages to breed and the newly emerged female and male as parents for five generations breeding.

Thirty pairs of whiteflies were fed on cotton leaf in a micro insect cage and the fresh cotton leaf were provided every 24 hours. When they had reached later 3^rd^ or early 4^th^ instar, they were transferred in culture dish with a piece of cotton leaf, whose petiol were wrapped into soggy cotton, and then the mated *E*. *sophia* was released into *B*. *tabaci* rearing cage for parasitization. Sixty paired *E*. *sophia* were released into one culture dish. Wasp *E*. *sophia* were removed after 2 hours parasitization. The first group of samples was collected at 24-hr after parasitization (24AP). At this time period, the parasitoids were at the egg stage in which the embryo had formed and gradually began to move. The brown substance in the egg began to accumulate and chorion had appeared. In other words, the parasitoid possessed immune regulation ability, but the ability was not strong at the egg stage. Therefore, we could identify the immune defense response of the host against the parasitoid. The second sampling period was 72-hr after parasitization (72AP) when the wasps reach larval stage move around and absorb nutrition from the host. At this time, *E*. *sophia* may start to regulate host development and metabolism to finish their own development in whiteflies. Each treatment and control had three replicates.

cDNA Library Construction and Illumina Sequencing {#sec004}
-------------------------------------------------

Total RNA was extracted from all nymph samples using TRIzol^™^ reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instruction and treated with DNaseI. The concentration and integrity of RNA sample were determined using 2100 Bioanalyzer (Agilent Technologies). The first- and second- strand cDNA synthesis, end reparation, addition of "A" bases to 3\' ends, ligation of adapters at the end of DNA fragments, and PCR amplification. The cDNA library was qualified and quantified with an Agilent 2100 Bioanalyzer and ABI StepOnePlus Real-time PCR system, respectively, and then sequenced using the Illumina HiSeq^™^2000 platform at the Beijing Genomics Institute (BGI, Shenzhen, China).

Transcriptome Analysis {#sec005}
----------------------

In order to obtain clean reads, the low quality and adapter-polluted reads were removed from raw data. The good quality reads were assembled using Trinity\[[@pone.0157684.ref047]\] and assembled sequences were output as unigenes. All raw sequencing data have been deposited in NCBI Sequence Read Archive (SRA) database (<http://www.ncbi.nlm.nih.gov/sra>) with the following accession numbers: SRR1909644 (24AP), SRR1909651(72AP), SRR1909652 (CK-24AP), and SRR1909653 (CK-72AP). All the open reading frames (ORF) of unigene in *B*. *tabaci* were identified. If a unigene had many ORFs, we selected the longest one.

The unigenes were used for BlastX search and annotation against the NCBI non-redundant (nr) (<http://blast.ncbi.nlm.nih.gov/Blast.cgi>), Swiss-Prot (<http://expasy.org/tools/blast>), Kyoto Encyclopedia of Genes and Genome (KEGG, <http://www.genome.jp/kegg/>) databases with an E-value cut-off of 10^-5^. Gene Ontology (GO) annotation of unigenes was analyzed using the Blast2Go software \[[@pone.0157684.ref048]\], and GO functional classification for all unigens was performed using the WEGO software \[[@pone.0157684.ref049]\]. In the absence of *B*. *tabaci* and *E*. *sophina* genome sequences, we selected eight transcriptome datasets of *B*. *tabaci* from the NCBI database, and try to utilize the annotation that were the most closely related to *B*. *tabaci* gene in the parasitized library.

Differentially Expressed Gene (DEG) Analysis {#sec006}
--------------------------------------------

In order to find all the differentially expressed genes, the same FPKM (Fragments Per Kilobase per Million fragments) value of unigene was first calculated for the treatment and control groups \[[@pone.0157684.ref050]\]. The results were displayed as fold changes, *p*-values and q-values. According to the q-value (*p*-value's statistical result after PFR (Positive False Rate) correction), a q-value less than 0.05 or the absolute value of fold change greater than 2 represented a significant difference between the treatment and the control.

Quantitative Real-time PCR (qRT-PCR) Validation {#sec007}
-----------------------------------------------

The quantitative real-time PCR technique was used to verify the reliability of the deep sequencing. Nine differentially expressed genes were randomly selected. The *β-actin* gene was used for normalization. The four RNA samples represented nymphs at 24AP and 72AP, and their respective control (non-parasitized nymphs) at the same developmental stages.

First-strand cDNA was synthesized from the total RNA (1.2 μg) by using PrimeScripTM 1^st^ Strand cDNA Synthesis Kit (TaKaRa) with oligo (dT)~18~ as primer following the manufacture's protocols. The reaction system consisted of 10 μl of SYBR Green, 0.4 μl of ROX, 2 μl of diluted cDNA, 0.4 μl of each primer and 6.8 μl of distilled water. The reactions were loaded on the CFX96^™^ Real-Time PCR Detection System (Bio-Rad, Hercules, CA) under the following conditions: 50°C for 2 min; 95°C for 2 min; and 40 cycles of 95°C for 10s, 60°C for 15s, and 72°C for 20s, followed by melting curve generation (68°C to 95°C). Data analysis was performed by one-way ANOVA following by Tukey's test using SPSS software.

Results and Discussion {#sec008}
======================

Illumina Sequencing and *de novo* Assembly {#sec009}
------------------------------------------

In order to know how *E*. *sophia* parasitization regulated *B*. *tabaci* development, immune-response and the differences in regulatory mechanisms between *E*. *sophia* egg- and larvae-stages. Approximately, 35 million and 39 million reads were generated from non-parasitized and parasitized *B*. *tabaci* nymphs at 24AP, respectively, and 31million and 37 million reads were from non-parasitized and parasitized *B*. *tabaci* nymphs at 72AP, respectively. *De novo* assembly produced 292,696 *B*. *tabaci* unigenes with an average size of 616 bp. Of these unigenes, 35.96% were between 200 and 300bp, 27.43% were between 300 and 500bp, 22.65% were between 500 and 1000bp and 13.96% had nucleotide lengths above 1000bp ([Fig 1](#pone.0157684.g001){ref-type="fig"}).

![Distribution of unigene lengths in the *B*. *tabaci* transcriptome.\
*De novo* assembly of RNA-seq data produced 292,696 unigenes between 201--28,036bp in length.](pone.0157684.g001){#pone.0157684.g001}

Functional Annotation and Classification {#sec010}
----------------------------------------

For functional annotation, the 292,696 unigenes were aligned to the GenBank protein databases with a cut-off E-value of 10^−5^ using BLASTx. Using this approach, 46,406 unigenes (15.8% of all unigenes) were successfully mapped. In order to predicate protein function, the unigenes were further given a gene ontology (GO) classification and subjected to KEGG pathway analysis. A total of 35,688 unigenes were annotated and assigned to GO terms, which consisted of three main categories: biological process, cellular component and molecular function. A total of 11,993 unigenes were categorized as cellular components, 12,102 unigenes were grouped under the molecular function, and 11,593 unigenes under biological processes. KEGG pathway analysis indicated that there were 4,721 unigenes assigned to different pathways in which translation, signal transduction, neurodegenerative diseases, infectious diseases, and endocrine system were the main *B*. *tabaci* pathways after *E*. *sophia* parasitizzation.

Enrichment Analysis of DEGs {#sec011}
---------------------------

A total of 1,482 genes appeared to be significantly differentially expressed in the parasitized and non-parasitized *B*. *tabaci*, of which 852 genes were differentially up-regulated and 630 genes were differentially down-regulated ([Fig 2A](#pone.0157684.g002){ref-type="fig"}). At 24AP, there were 584 genes differentially expressed, of which 356 genes were up-regulated and 228 genes were down-regulated. At 72AP, there were 1,270 genes differentially expressed, of which 698 genes were up-regulated and 572 genes were down-regulated. Out of all of regulated genes, 202 up- and 170 down-regulated genes were found at both time points ([Fig 2B](#pone.0157684.g002){ref-type="fig"}) and more genes were up-regulated than that of the down-regulated genes at both 24AP and 72AP ([Fig 2A](#pone.0157684.g002){ref-type="fig"}). Furthermore, there was a significant difference in the numbers of differentially expressed genes at 24 hours than at 72 hours after parasitization. When *E*. *sophia* emerge in the larvae stage, more genes seemed to be involved in regulatory responses as compared to the egg stage. During the larvae stage, the parasitoid could move freely and began to feed on the host tissues. The distribution of the regulated genes indicated that their expression levels (\>95%) were between two- to six-fold higher than at the egg stage (24 AP). Only a few genes changed more than six-fold ([Fig 2](#pone.0157684.g002){ref-type="fig"}).

![General information about genes that were differentially expressed in response to parasitization.\
The left figure shows the numbers of genes that were up-regulated and down-regulated at 24AP and 72AP. The right figure shows distribution of up-regulated (blue bars) and down-regulated (red bars) genes based on their fold change.](pone.0157684.g002){#pone.0157684.g002}

GO analysis revealed that the DEGs were mainly categorized in the cellular component cluster, that focus on macromolecular, organelle, and cellular levels. In the molecular function cluster, the DEGs were mainly found in structural molecule, binding, and catalytic activity. In the biological process cluster, the DEGs were mainly categorized in cellular and metabolic processes, and cellular component organization or biogenesis ([Fig 3](#pone.0157684.g003){ref-type="fig"}). In addition, more genes were involved in cellular processes, metabolic processes, single-organism processes, response to stimuli, biological regulation, localization, and cellular component organization or biogenesis at 72AP. Translation and signal transduction were the two most important pathways according to the KEGG pathways analysis. For KEGG enrichment analysis, genes involved in the immune system, nervous system, endocrine system, and metabolic activities were differentially expressed. The above results showed that parasitization had a great impact on the normal life activities of the host.

![GO annotation of differentially expressed genes at 24APand 72AP (level 2).\
At 24AP, the program categorized 390 unigenes in the cellular component category, 297 unigenes in the molecular function category, and 542 unigenes in the biological process category. At 72AP, the program categorized 732 unigenes in the cellular component category, 580 unigenes in the molecular function category, and 971 unigenes in the biological process category.](pone.0157684.g003){#pone.0157684.g003}

Effects of Parasitism on the Transcription of Host Immune-related Genes {#sec012}
-----------------------------------------------------------------------

Vertebrates have a set of immune defense mechanisms that include innate immunity and adaptive immunity, but invertebrates only have innate immunity protection \[[@pone.0157684.ref051]\]. Insects will initiate their innate immune response when encounting foreign agents, such as bacteria, fungi, virus, and parasitoid. The immune system of insects can be divided into two categories: 1) humoral defense, including the antimicrobial peptides, reactive intermediates of oxygen, melanin formation and clotting; and 2) cellular defense mainly based on haemocytes, such as phagocytosis, encapsulation, microaggregation and nodulation \[[@pone.0157684.ref052]--[@pone.0157684.ref054]\]. Two defense mechanisms are associated with a wide range of immune-related genes.

Our sequencing results indicated that *E*. *sophia* parasitism had a significant impact on the transcription of immune-related genes in *B*. *Tabaci* nymph ([Table 1](#pone.0157684.t001){ref-type="table"}). We identified several up-regulated genes with homologs known to be involved in immune responses in insects, such as: *defensin*, *knottin*, *serpin I2*, *laminin*, *spectrin*, and *apolipophorin*. Defensin is an antimicrobial peptide, which acts as an innate immunity effector molecule and provides the first protection from pathogen infection. After parasitization by *E*. *sophia* at 24AP, we found that the transcription of *defensin* was up-regulated in *B*. *tabaci* nymph. Our results were consistent with previous studies that the mRNA levels of defensin in *D*. *melanogaster* and *Phlebotomus duboscqi* were significantly increased after parasitization \[[@pone.0157684.ref055], [@pone.0157684.ref056]\]. Although the main action targets of *defensin* are bacteria and fungi, it also plays a role in the host-parasitoid system. Knottins are mini proteins that are present in many different organisms and have various biological functions \[[@pone.0157684.ref057]\]. After parasitization by *E*. *sophia* at both 24AP and 72AP, four *knottins* were over-expressed. Like defensin, it is also an important antimicrobial peptide.

10.1371/journal.pone.0157684.t001

###### Immune-related genes differentially expressed in *B*. *tabaci* after being parasitized by *E*. *sophia*.

![](pone.0157684.t001){#pone.0157684.t001g}

  Gene ID                                       Length    Gene name                                                                                  NP-FPKM    P-FPKM     Fold change   *P*-value   q-value
  --------------------------------------------- --------- ------------------------------------------------------------------------------------------ ---------- ---------- ------------- ----------- ----------
  **Genes up-regulated at 24AP**                                                                                                                                                                     
  Unigene_131748                                1458      Spectrin alpha chain (*Drosophila melanogaster*)                                           0.131      1.893      3.85          2.77E-05    0.0163
  Unigene_111268                                648       Probable chitinase 3 (*Drosophila melanogaster*)                                           0.211      4.937      4.55          1.18E-05    0.00865
  Unigene_145476                                225       Defensin (*Galleria mellonella*)                                                           0.795      10.671     3.75          0.000119    0.0489
  Unigene_183100                                744       Hemocyanin (*Palinurus vulgaris*)                                                          0.421      5.305      3.66          3.50E-05    0.0195
  Unigene_190217                                2130      Protein toll (*Drosophila melanogaster)*                                                   0.0154     1.793      6.86          5.15E-06    0.00455
  Unigene_194849                                909       Apolipophorins (*Locusta migratoria*)                                                      0.264      4.275      4.02          4.63E-06    0.00417
  Unigene_155504                                573       Protein disulfide-isomerase (*Drosophila melanogaster*)                                    0.189      4.503      4.57          1.20E-08    4.20E-05
  Unigene_83201                                 1410      Cytospin-A (*Takifugu rubripes)*                                                           0.0439     1.013      4.53          0.000115    0.0476
  Unigene_154109                                477       Apoptosis 2 inhibitor (*Drosophila melanogaster*)                                          0.0845     11.267     7.06          2.71E-06    0.00275
  Unigene_134383                                2097      Zinc finger MIZ domain-containing protein 1 (*Homo sapiens*)                               0.112      1.585      4.93          2.40E-05    0.0148
  Unigene_329886                                2853      Ankyrin-3 (*Homo sapiens*)                                                                 3.389      22.543     2.73          1.69E-05    0.0114
  Unigene_268316                                1131      Cytochrome P450 6a2 (*Drosophila melanogaster*)                                            3.265      26.698     3.03          1.66E-06    0.00190
  Unigene_288430                                1278      Cytochrome P450 6k1 (*Blattella germanica*)                                                1.451      60.115     5.37          1.78E-15    1.46E-10
  Unigene_277195                                249       *Bemisia tabaci* putative antimicrobial knottin protein Btk-4 (*Bemisia tabaci*)           7.0717     113.992    4.01          1.14E-09    6.57E-06
  **Genes up-regulated in the 72AP**                                                                                                                                                                 
  Unigene_154832                                372       Arginine kinase (*Apis mellifera*)                                                         0.349      2.993      3.10          3.48E-05    0.0194
  Unigene_156269                                633       Serpin I2 (*Mus musculus*)                                                                 0.0552     2.228      5.33          9.73E-05    0.0419
  Unigene_330609                                1089      Serine protease homolog 42 isoform 2 (*Nasonia vitripennis*)                               0.0441     3.424      6.28          3.75E-06    0.00353
  Unigene_136705                                681       GILT-like protein C02D5.2 *Caenorhabditis elegans* (*Caenorhabditis elegans*)              0.1009     8.852      6.45          1.94E-06    0.00214
  Unigene_55874                                 699       cAMP-dependent protein kinase catalytic subunit (*Drosophila melanogaster*)                0.1532     3.324      4.44          4.84E-05    0.0249
  Unigene_126734                                516       guanine nucleotide-binding protein G (q) subunit alpha (*Homarus americanus*)              0.112      2.325      4.37          7.49E-06    0.00607
  Unigene_70023                                 1074      Alpha-actinin, sarcomeric (*Drosophila melanogaster*)                                      0.191      2.429      3.67          6.57E-05    0.0314
  Unigene_116220                                753       Apoptosis inhibitor 5 (*Homo sapiens*)                                                     0.0541     2.220      5.36          9.03E-05    0.0396
  Unigene_116141                                804       Casein kinase II subunit alpha (*Spodoptera frugiperda*)                                   0.281      3.880      3.78          3.64E-05    0.0201
  Unigene_231151                                894       Serine/threonine-protein kinase PAK 1-like isoform 1 (*Bombus impatiens*)                  0.0328     1.632      5.63          3.64E-05    0.0209
  Unigene_213155                                1212      Cytochrome P450 4e3 (*Drosophila melanogaster*)                                            0.327      3.011      3.20          6.21E-05    0.0302
  Unigene_214185                                1041      Probable cytochrome P450 6a18 (*Drosophila melanogaster*)                                  0.491      4.686      3.25          1.69E-05    0.0114
  Unigene_161936                                1362      Laminin subunit beta-1 (*Drosophila melanogaster*)                                         0.131      2.682      4.35          6.93E-05    0.0326
  Unigene_232028                                873       Cytochrome P450 4g15 (*Drosophila melanogaster*)                                           1.948      12.021     2.63          7.07E-05    0.0331
  Unigene_239924                                948       Cytochrome P450 4C1(*Blaberus discoidalis*)                                                0.469      4.649      3.31          2.31E-05    0.0143
  Unigene_288430                                1278      Cytochrome P450 6k1 (*Blattella germanica*)                                                0.919      6.934      2.91          1.50E-05    0.0103
  **Genes up-regulated in the 24AP and 72AP**                                                                                                                                                        
  Unigene_143480                                303       *Bemisia tabaci* putative antimicrobial knottin protein Btk-1 (*Bemisia tabaci*)           16.101     283.469    4.14          1.86E-10    1.64E-06
  15.014                                        127.85    3.09                                                                                       9.91E-07   0.00126                              
  Unigene_244685                                195       *Bemisia tabaci* putative antimicrobial knottin protein Btk-2 (*Bemisia tabaci*)           33.883     419.491    3.63          5.82E-08    0.000142
  21.196                                        226.199   3.42                                                                                       1.19E-07   0.000247                             
  Unigene_138814                                183       *Bemisia tabaci* putative antimicrobial knottin protein Btk-3 (*Bemisia tabaci*)           7.869      288.573    5.20          8.44E-15    5.79E-10
  6.807                                         113.886   4.06                                                                                       5.77E-10   3.94E-06                             
  Unigene_158224                                552       Ras-like protein 3 (*Drosophila melanogaster*)                                             0.138      1.695      3.62          1.30E-05    0.00929
  0.131                                         3.582     4.78                                                                                       7.97E-09   3.13E-05                             
  Unigene_74024                                 576       Ras-like GTP-binding protein Rho1 (*Drosophila melanogaster*)                              0.119      5.015      5.40          3.71E-06    0.00326
  0.379                                         8.120     4.42                                                                                       3.02E-07   0.000506                             
  Unigene_45734                                 2199      Serine/threonine-protein kinase SRPK3 (*Bombus impatiens*)                                 0.0793     0.907      3.61          9.18E-05    0.0402
  0.0602                                        2.0787    5.11                                                                                       1.25E-07   0.000255                             
  Unigene_154175                                711       Heat shock 70 kDa protein cognate 3 (*Drosophila melanogaster*)                            0.501      5.758      3.52          7.29E-07    0.000997
  0.0908                                        5.741     5.98                                                                                       4.75E-10   3.37E-06                             
  Unigene_244154                                591       Actin-5C (*Anopheles gambiae*)                                                             2.036      31.216     3.94          8.39E-08    0.000189
  2.459                                         20.452    3.06                                                                                       2.43E-05   0.0149                               
  Unigene_134315                                663       Casein kinase II subunit beta (*Rattus norvegicus*)                                        0.112      1.585      3.82          8.55E-05    0.0381
  0.0713                                        2.142     4.91                                                                                       6.10E-06   0.00519                              
  Unigene_47109                                 912       Guanine nucleotide-binding protein subunit beta-like protein (*Drosophila melanogaster*)   5.457      31.448     2.53          5.61E-05    0.0278
  3.347                                         66.897    4.32                                                                                       3.95E-11   4.93E-07                             
  Unigene_185113                                1365      Glycogen synthase kinase 3 beta (*Nasonia vitripennis*)                                    0.0137     0.797      5.85          0.000112    0.0466
  0.0174                                        0.915     5.71                                                                                       2.70E-05   0.0165                               
  Unigene_218239                                321       Cofilin (*Drosophila melanogaster*)                                                        0.774      8.850      3.51          4.06E-05    0.0218
  1.279                                         14.450    3.50                                                                                       7.13E-06   0.00584                              
  **Genes down-regulated in the 72AP**                                                                                                                                                               
  Unigene_201980                                897       Paramyosin, short form (*Drosophila melanogaster*)                                         143.013    21.903     -2.71         3.04E-05    0.0176
  Unigene_201985                                195       Paramyosin, long form (*Drosophila melanogaster*)                                          41.061     6.947      -2.56         9.20E-05    0.0402
  Unigene_201725                                1752      Chorion peroxidase (*Drosophila melanogaster*)                                             2.286      0.216      -3.40         1.20E-05    0.00878
  Unigene_176466                                1101      Cathepsin B (*Mus musculus*)                                                               28.719     3.253      -3.14         6.99E-07    0.000964
  Unigene_274030                                624       Superoxide dismutase \[Cu-Zn\](SODC) (*Drosophila willistoni*)                             2.831      0.180      -3.97         3.74E-06    0.00352
  Unigene_286469                                2118      Peroxidase (PERO) (*Drosophila melanogaster*)                                              32.555     3.919      -3.05         1.45E-06    0.00171
  Unigene_224486                                1527      Catalase (CATA) (*Riptortus pedestris*)                                                    21.707     3.362      -2.69         1.70E-05    0.0114
  Unigene_192238                                462       Troponin C, isoform 1 (*Drosophila melanogaster*)                                          58.280     5.885      -3.31         1.79E-07    0.000336
  Unigene_253831                                1491      Probable cytochrome P450 303a1 (*Drosophila melanogaster*)                                 34.031     4.682      -2.86         6.32E-06    0.00534

*Serpin I2* was one of the genes having higher levels of up-regulation (5.33-fold) at 72AP in RNA-seq analysis. Quantitative RT-PCR analysis ([Fig 4](#pone.0157684.g004){ref-type="fig"}) also show that it was up-regulated by 6.85 folds. Serine proteases are important immune regulatory proteins which play a significant role in the activation of the prophenoloxidase (PPO) cascade. The cascade activation eventually causes melanization to kill parasitized wasp through choking \[[@pone.0157684.ref058]\], however, serine protease inhibitor (serpin) can prevent the serine proteases activated melanization and weaken host defense for wasp parasization. Although studies have shown that serpins can be regulated by the parasitoids infestation in many hosts, their transcriptional levels are different in different parasitoid-host systems, and even in the same parasitoid-host system, two opposite situations may occur. Mahadav *et al*. and Song *et al*. found that serpins were down-regulated in parasitized *B*. *tabaci* nymphs and *P*. *xylostella* larvae \[[@pone.0157684.ref026],[@pone.0157684.ref059]\], while Etebari *et al*.\[[@pone.0157684.ref041]\] discovered that serpins were up-regulated 2- to 7-fold after *P*. *xylostella* parasitization by *Diadegma semiclausum*. In *C*. *chilonis* parasitized *C*. *suppressalis*, three up-regulated and three down-regulated serpins were identified in the fatbody \[[@pone.0157684.ref042]\]. Different serpins may play different roles in immune defense.

![A qRT-PCR analysis of nine randomly selected genes from *B*.*tabaci* that showed relative expressions at 24AP and 72AP.\
Black stands for the control and gray stands for a parasitized sample. The expression levels of the controls were regarded as 1. Error bars indicate standard deviations of the average from three replicates. The same letter above the error bar means that there was no significant difference at the 0.05 level by Duncan's test.](pone.0157684.g004){#pone.0157684.g004}

Cellular immunity is another important component of the insect immune system. Laminin can stimulate cell adhesion and cell movement. Cofilin is an actin-binding protein which promotes cell migration and movement by changing the adhesion between cells and the extracellular matrix. Actin plays a significant role in facilitating cellular activities. The up-regulation of these genes showed that the host enhanced hemocyte encapsulation by reinforcing the extension and adhesion of hemocytes. *laminin*, *cofilin*, and *actin* were identified in our study and they were over-expressed at 24AP and 72AP. *Ras3* and *Rho1* are related to cellular immunity in *D*. *melanogaster* \[[@pone.0157684.ref040],[@pone.0157684.ref060]\]. In our study, two genes were also identified significantly differentially expressed after parasization which may also be involved in the immune response of *B*. *tabaci*. At 24AP and 72AP, these genes were consistently over-expressed, which indicated that the cellular immunity not only defend parasitoid embryo and larval attacking.

Superoxide dismutase (SOD), peroxidase (POD) and catalase (CAT) are three common enzymes in organisms. Organisms produce reactive oxygen species (ROS) under environmental stresses, which is cytotoxic to cells. However, the organism utilizes these protective enzymes to eliminate redundant ROS and protect themselves from damage \[[@pone.0157684.ref061]\]. When *Trichoplusia ni* is infected by baculoviruses, the expression of manganese superoxide dismutase (MnSOD) significantly reduces oxidative damage \[[@pone.0157684.ref062]\]. Zhu *et al*. also discovered that the transcriptional levels of *Tenebrio molitor* superoxide dismutases were up-regulated following bacterial infection or parasitization by *Scleroderma guani* \[[@pone.0157684.ref063]\]. In our study, the expression of *SODC*, *PERO*, and *CATA* were suppressed two-to four-fold at 72AP, but did not show significant changes at 24AP. At 72AP, the *E*. *sophia* reaches the larval stage and the damage to host becomes worse than that of egg stage. The decrease in the transcription of protective enzymes showed the parasitoid immune suppressive strategy.

In our study, some genes involved in insecticide resistance or detoxification were found to be differentially expressed under parasitization. Although these genes have no direct connection with defense against parasitoids attacking, they can be regarded as a stress response caused by parasitoid secretions. Takeda *et al*.\[[@pone.0157684.ref064]\] confirmed that the activities of glutathione-S-transferase (GST) and cytochrome P450 (CYP) increased in parasitized *P*. *xylostella* larvae. We also found most of the cytochrome P450 genes were highly expressed after being parasitized by *E*. *sophia*. Some genes were over-expressed at 24AP and others were over-expressed at 72AP.

Heat shock proteins (HSPs) are recognized as a family of highly conserved chaperones which respond to all kinds of environmental stress factors, such as heat, toxins, UV radiation, and invading pathogens by protecting protein from misfolding and denaturation \[[@pone.0157684.ref065]\]. We identified three heat shock protein genes, which were homologous with *D*. *melanogaster* and *Anopheles albimanus*, and are involved in *B*. *tabaci* development. In addition, heat shock 70 kDa protein cognate 3 was found to participate in the immune response. Therefore, we deduced that heat shock protein families can defend the host from damage by participating in the immune response and *B*. *tabaci* development.

Effects of parasitism on the transcription of host development-related genes {#sec013}
----------------------------------------------------------------------------

The parasitoids complete their development by absorbing the host's hemolymph and tissues. However, the development of the parasitoid and the host are synchronous. A previous study found that *Aphidiu servi* parasitized *Acyrthosiphon pisum* late-stage nymph stopped growth \[[@pone.0157684.ref030]\]. *B*. *tabaci* late nymphs parasitized by *Encarsia bimaculata* also stop growing \[[@pone.0157684.ref066]\]. After *Encarsia formosa* parasitized *Trialeurodes vaporariorum* Westwood nymph, the wasp didn't molt to until host nymph reached to last instar \[[@pone.0157684.ref067]\]. In order to complete development, the parasitoids have to change the host's development to match their own growth. In some cases, parasitoids suppress host's development and accelerate the host's early-maturity \[[@pone.0157684.ref068]\], while, other parasitoids prolong host's development to meet their own developmental needs. Previous studies have proposed that the wasp might control host's development through regulating the juvenile hormone and ecdysone levels \[[@pone.0157684.ref069],[@pone.0157684.ref070]\].

Juvenile hormone epoxide hydrolases (JHEHs) have been identified as regulatory proteins in the catabolism of juvenile hormones \[[@pone.0157684.ref071],[@pone.0157684.ref072]\]. A previous study showed that JHEH transcript levels were down-regulated more than two-fold in *P*. *xylostella* after parasitization by *D*. *semiclausum* \[[@pone.0157684.ref041]\]. However, Wu *et al*. \[[@pone.0157684.ref042]\] discovered that JHEH and juvenile hormone esterase (JHE) transcript levels increased in *C*. *suppressalis* after *C*. *chiilonis* parasitization. Based on our transcriptome data, parasitization by *E*. *sophia* led to *JHEH1* up-regulation at 72AP ([Table 2](#pone.0157684.t002){ref-type="table"} & [Fig 4](#pone.0157684.g004){ref-type="fig"}). However, up-regulation of larvae cuticle protein and down-regulation of pupal cuticle protein might imply that the parasitoid suppressed the host's development. Thus, the high concentrations of JH may lead to up-regulation of JHEHs and their activity in order to maintain the balance.

10.1371/journal.pone.0157684.t002

###### Developmental-related genes differentially expressed in *B*. *tabaci* after being parasitized by *E*. *sophia*.

![](pone.0157684.t002){#pone.0157684.t002g}

  Gene ID                                     Length    Gene name                                                                              NP-FPKM    P-FPKM     Fold change   *P*-value   q-value
  ------------------------------------------- --------- -------------------------------------------------------------------------------------- ---------- ---------- ------------- ----------- ----------
  **Genes up-regulated in the 24AP**                                                                                                                                                           
  Unigene_119370                              660       RNA-binding protein squid (*Drosophila melanogaster*)                                  0.0369     2.346      5.99          7.62E-05    0.0350
  Unigene_137439                              1092      Protein slit (*Drosophila melanogaster*)                                               0.0214     1.340      5.97          8.09E-05    0.0365
  Unigene_122721                              588       Hormone receptor 4 (*Drosophila melanogaster*)                                         0.218      3.772      4.12          8.24E-05    0.0370
  Unigene_58772                               369       Fatty acid-binding protein 3, muscle and heart (*Camponotus floridanus*)               1.091      18.331     4.07          2.60E-05    0.0157
  **Genes up-regulated in the 72AP**                                                                                                                                                           
  Unigene_47461                               1074      Plexin-B (*Drosophila melanogaster*)                                                   0.071      1.835      4.69          1.65E-05    0.0111
  Unigene_163674                              741       Larval cuticle protein A3A (*Tenebrio molitor*)                                        0.095      10.464     6.77          2.50E-10    2.07E-06
  Unigene_300307                              327       Larval cuticle protein 8 (*Drosophila melanogaster*)                                   0.209      96.444     8.85          5.56E-11    6.40E-07
  Unigene_96322                               1440      Juvenile hormone epoxide hydrolase 1(*Ctenocephalides felis*)                          0.079      2.362      4.89          4.46E-07    0.000687
  Unigene_55874                               699       cAMP-dependent protein kinase Catalytic subunit (*Drosophila melanogaster*)            0.153      3.324      4.44          4.84E-05    0.0249
  Unigene_330433                              2163      Heat shock protein 83 (*Drosophila melanogaster*)                                      0.045      17.839     8.62          1.11E-15    1.08E-10
  Unigene_240353                              2013      Heat shock protein 70 B2 (*Anopheles albimanus*)                                       0.022      0.903      5.34          9.45E-05    0.0410
  Unigene_126734                              516       Guanine nucleotide-binding protein G (q) subunit alpha (*Homarus americanus*)          0.112      2.32       4.37          7.49E-06    0.00607
  Unigene_156339                              354       Eukaryotic translation initiation factor 4E binding protein 1(*Nasonia vitripennis*)   0.232      5.202      4.49          7.39E-07    0.001016
  Unigene_157748                              2775      Mediator of RNA polymerase II transcription subunit 13 (*Nasonia vitripennis*)         0.033      0.919      4.80          1.00E-05    0.00763
  **Genes up-regulated at 24AP and 72AP**                                                                                                                                                      
  Unigene_74024                               576       Ras-like GTP-binding protein Rho1(*Drosophila melanogaster*)                           0.119      5.016      5.40          3.37E-06    0.00326
  0.379                                       8.120     4.42                                                                                   3.02E-07   0.000506                             
  Unigene_185113                              1365      Glycogen synthase kinase 3 beta (*Nasonia vitripennis*)                                0.0138     0.797      5.85          0.000112    0.0466
  0.017                                       0.915     5.71                                                                                   2.79E-05   0.0165                               
  Unigene_218239                              321       Cofilin (*Drosophila melanogaster*)                                                    0.774      8.851      3.51          4.06E-05    0.0218
  1.279                                       14.450    3.50                                                                                   7.13E-06   0.00584                              
  Unigene_45734                               2199      Serine/threonine-protein kinase SRPK3 (*Bombus impatiens*)                             0.079      0.967      3.6           9.18E-05    0.0402
  0.060                                       2.078     5.11                                                                                   1.25E-07   0.000255                             
  Unigene_244154                              738       Small subunit ribosomal protein S6e (*Manduca sexta*)                                  2.036      31.21      3.07          8.39E-08    0.000189
  2.459                                       20.452    4.48                                                                                   2.43E-05   0.0149                               
  Unigene_131412                              1218      Endoplasmin (*Nasonia vitripennis*)                                                    0.037      0.941      4.67          6.78E-05    0.0322
  0.023                                       0.968     5.37                                                                                   8.78E-05   0.0388                               
  Unigene_148396                              1641      Elongation factor 2 (*Drosophila melanogaster*)                                        2.793      23.783     3.98          9.28E-05    0.0405
  2.001                                       26.905    3.75                                                                                   7.49E-06   0.00607                              
  Unigene_287521                              561       Myosin light chain 6 (*Apis mellifera*)                                                0.996      7.218      2.86          6.01E-05    0.0294
  1.267                                       15.772    3.64                                                                                   1.23E-07   0.000253                             
  Unigene_244154                              591       Actin-5C (*Anopheles gambiae*)                                                         2.036      31.216     3.94          8.39E-08    0.000189
  2.459                                       24.453    3.06                                                                                   2.43E-05   0.0149                               
  Unigene_154175                              711       Heat shock 70 kDa protein cognate 3 (*Drosophila melanogaster*)                        0.502      6.758      3.52          7.29E-07    0.000997
  0.908                                       5.741     5.98                                                                                   4.75E-10   3.37E-06                             
  **Genes down-regulated at 72AP**                                                                                                                                                             
  Unigene_231672                              372       Adult-specific cuticular protein ACP-20 (*Tenebrio molitor*)                           6.293      0.076      -3.22         0.000108    0.0453
  Unigene_225094                              939       Opsin-2 (*Schistocerca gregaria*)                                                      14.373     2.031      -2.82         7.56E-06    0.00612
  Unigene_192238                              462       Troponin C, isoform 1/ calmodulin (*Drosophila melanogaster*)                          58.280     5.885      -3.31         1.79E-07    0.000336
  Unigene_196111                              3882      Fatty acid synthase (*Gallus gallus*)                                                  0.961      0.067      -3.84         8.25E-06    0.00652
  **Genes down-regulated at 24AP and 72AP**                                                                                                                                                    
  Unigene_178448                              2010      Arylphorin subunit alpha (*Manduca sexta*)                                             2.532      0.255      -3.31         1.13E-05    0.00838
  4.377                                       0.555     -2.98                                                                                  1.29E-05   0.00923                              
  Unigene_198800                              390       Pupal cuticle protein Edg-84A (*Drosophila melanogaster*)                              139.029    21.277     -2.71         8.31E-05    0.0372
  169.474                                     23.808    -2.83                                                                                  5.56E-05   0.0277                               
  Unigene_196053                              447       Cuticle protein 8 (*Blaberus craniifer*)                                               789.210    95.603     -3.54         7.40E-05    0.0343
  1674.11                                     101.192   -2.84                                                                                  2.30E-06   0.00245                              
  Unigene_257893                              714       Cuticle protein 7 (*Locusta migratoria*)                                               436.781    50.575     -3.11         0.000119    0.0487
  683.999                                     45.784    -3.90                                                                                  5.98E-06   0.00511                              
  Unigene_203192                              468       Cuticle protein 19 (*Locusta migratoria*)                                              13.851     2.438      -2.51         6.23E-05    0.0302
  19.539                                      3.361     -2.54                                                                                  4.69E-05   0.0243                               

Effects of parasitism on the transcription of host metabolism-related genes {#sec014}
---------------------------------------------------------------------------

Stearoyl-CoA desaturase (SCD) is an endoplasmic reticulum enzyme that catalyzes the biosynthesis of monounsaturated FA from saturated FA \[[@pone.0157684.ref073]\]. SCD inactivation causes obesity and abnormal lipid metabolism and one SCD activity, *SCD1*, was induced by insulin, but inhibited by leptin \[[@pone.0157684.ref074]\]. We found that at 24AP and 72AP, the transcript levels of *SCD* in *B*. *tabaci* nymph were up-regulated 6.69 and 4.52 times, respectively ([Table 3](#pone.0157684.t003){ref-type="table"}). Furthermore, genes involved in the insulin signaling pathway were also significantly up-regulated. Our result implied that the wasp regulated the lipid metabolism of the host in order to get more nutrients available in host and meet their own needs. A report showed that the wasp preferred to parasitize late instar larvae because of adequate nutrition \[[@pone.0157684.ref075]\]. Stearoyl-CoA desaturase is an essential enzyme for the parasitic *Trypanosoma brucei*, and RNA interference of *SCD* caused a reduction of the parasitemia and an increase in host survival \[[@pone.0157684.ref076]\]. Environmental stress can influence the organism's metabolism, same as parasitoid infestation, which is energetically consumption process \[[@pone.0157684.ref077]\]. We found a high number of differentially expressed transcripts were related to organism metabolism. Metabolic changes occurred at both time points, but a greater amount and different kinds of genes were affected at 72APthan at24AP.

10.1371/journal.pone.0157684.t003

###### Metabolism-related genes differentially expressed in *B*. *tabaci* after being parasitized by *E*. *sophia*.

![](pone.0157684.t003){#pone.0157684.t003g}

  Gene ID                                     Length   Gene name                                                                             NP-FPKM    P-FPKM     Fold change   *P*-value   q-value
  ------------------------------------------- -------- ------------------------------------------------------------------------------------- ---------- ---------- ------------- ----------- ----------
  **Genes up-regulated at 24 AP**                                                                                                                                                            
  Unigene_108039                              489      V-type H+-transporting ATPase 16kDa proteolipid subunit (*Drosophila melanogaster*)   0.0841     4.129      5.62          1.25E-06    0.00151
  Unigene_71375                               777      Glutamine synthetase 2, isoform B (*Drosophila melanogaster*)                         0.0445     2.586      5.86          0.00011     0.0460
  Unigene_111268                              900      Probable chitinase 3 (*Drosophila melanogaster*)                                      0.211      4.937      4.11          1.18E-05    0.00865
  Unigene_316078                              861      Stearoyl-CoA desaturase (*Trichoplusia ni*)                                           0.0307     3.181      6.69          8.97E-06    0.00697
  Unigene_151198                              1947     Chitin synthase A (*Spodoptera exiqua*)                                               0.028      1.216      5.40          3.30E-06    0.00321
  Unigene_130384                              1677     Fatty acyl-CoA reductase (*Drosophila melanogaster*)                                  0.039      1.574      5.33          4.43E-06    0.00402
  **Genes up-regulated at 72 AP**                                                                                                                                                            
  Unigene_106282                              291      Cytochrome c oxidase subunit 2 (*Nasonia qiraulti*)                                   0.703      14.135     4.25          8.74E-07    0.00113
  Unigene_47076                               450      Cytochrome c oxidase subunit 5a (*Nasonia vitripennis*)                               0.208      9.349      5.50          5.53E-05    0.0276
  Unigene_77855                               936      F-type H+-transporting ATPase subunit beta (*Drosophila melanogaster*)                1.119      10.000     3.16          6.67E-06    0.00554
  Unigene_142444                              822      F-type H+-transporting ATPase subunit gamma (*Drosophila melanogaster*)               0.079      3.912      5.62          3.80E-05    0.0208
  Unigene_115206                              333      F-type H+-transporting ATPase subunit a (*Aedes aegypti*)                             0.829      31.105     5.23          1.01E-09    6.04E-06
  Unigene_72168                               321      F-type H+-transporting ATPase subunit f (*Drosophila melanogaster*)                   0.539      10.619     4.30          1.07E-05    0.00803
  Unigene_110914                              996      Glyceraldehyde 3-phosphate dehydrogenase (*Drosophila pseudoobscura*)                 0.679      15.247     4.49          1.09E-10    1.07E-10
  Unigene_261092                              783      Citrate synthase (*Aedes aegypti*)                                                    0.214      5.028      4.55          7.02E-09    2.83E-05
  Unigene_134666                              1512     Aconitate hydratase (*Nasonia vitripennis*)                                           0.066      1.287      4.27          9.84E-05    0.0423
  Unigene_330649                              972      Succinyl-CoA synthetase alpha subunit (*Drosophila melanogaster*)                     0.083      2.182      4.71          1.54E-05    0.0106
  Unigene_110915                              786      Arylformamidase (*Cerapachys biroi*)                                                  0.262      7.736      4.88          4.63E-07    0.000765
  Unigene_110492                              165      F-type H+-transporting ATPase subunit alpha (*Drosophila melanogaster*)               0.210      32.159     6.72          6.94E-07    0.000961
  Unigene_239710                              1395     Facilitated trehalose transporter Tret1(*Culex quinquefasciatus*)                     0.352      2.810      3.00          1.41E-05    0.0410
  **Genes up-regulated at 24 AP and 72 AP**                                                                                                                                                  
  Unigene_120237                              261      Ubiquinol-cytochrome c reductase cytochrome b subunit (*Philotrypesis pilosa*)        1.147      10.895     3.25          2.39E-06    0.00251
  1.198                                       17.491   3.87                                                                                  1.59E-08   5.24E-05                             
  Unigene_153762                              150      Cytochrome c oxidase subunit 1 (*Locusta migratoria*)                                 0.865      9.243      3.42          2.53E-06    0.00262
  0.856                                       16.724   4.29                                                                                  3.12E-09   1.47E-05                             
  Unigene_228753                              570      Maltase 1 (*Drosophila virilis*)                                                      0.340      5.047      3.89          9.82E-06    0.00748
  0.145                                       4.129    4.83                                                                                  8.59E-06   0.00673                              
  Unigene_228756                              1071     Maltase 2 (*Drosophila virilis*)                                                      5.034      39.472     2.97          2.39E-06    0.00251
  3.573                                       45.787   3.68                                                                                  9.93E-09   3.70E-05                             
  **Genes down-regulated at 24 AP**                                                                                                                                                          
  Unigene_241514                              1599     Pyruvate kinase (*Drosophila melanogaster*)                                           25.087     4.04       -2.63         3.09E-05    0.0178
  **Genes down-regulated at 72 AP**                                                                                                                                                          
  Unigene_269576                              432      ATP synthase lipid-binding protein, mitochondrial (*Manduca sexta*)                   66.809     10.812     -2.63         3.45E-05    0.0193
  Unigene_249063                              1092     Fructose-bisphosphate aldolase, class I (*Drosophila melanogaster*)                   7.807      0.927      -3.07         5.59E-06    0.00484
  Unigene_263538                              942      Glucuronosyltransferase (*Zootermopsis nevdensis*)                                    6.257      1.077      -2.54         0.000105    0.0444
  Unigene_252632                              306      Acylphosphatase (*Acyrthosiphon pisum*)                                               57.208     6.835      -3.07         1.89E-05    0.0123
  Unigene_224486                              1527     Catalase (*Riptortus pedestris*)                                                      21.707     8.362      -2.69         1.70E-05    0.0114

*E*.*sophia* infection influenced carbohydrate, lipid, and energy metabolism in the host. Some studies have found that trehalose content changed after parasitization \[[@pone.0157684.ref078],[@pone.0157684.ref079]\]. In two treatment groups, maltose was degraded to glucose under the action of maltase. Beside the upregulation of maltase, other genes, in the citrate cycle and glycolysis, were over-expressed at 72AP, such as citrate synthase, aconitate hydratase, and glyceraldehydes 3-phosphate dehydrogenase. Glycolysis and the citrate cycle are carbohydrate metabolisms to produce ATP. Citrate synthase, aconitate hydratase and succinyl-CoA synthetase are three essential enzymes in the TCA cycle. Up-regulation of genes that control the synthesis of these enzymes showed that total ATP decreased in the organism. Therefore, the insect needed to obtain more energy by increasing the reaction rate of the TCA cycle. In addition, we found that the transcriptional level of cytochrome c oxidase and f-type H^+^-transporting ATPase were significantly enhanced. Cytochrome c oxidase is involved in ATP synthesis as a terminase of the mitochondrial inner membrane respiratory chain \[[@pone.0157684.ref080]\]. However, whether it can be regarded as evidence of enhanced respiration is not clear. Measurement of respiration rate should be investigated in future studies.

There are three types of ion transporting ATPases: P-type, V-type, and F-type. In organisms, their main function is to synthesize ATP and transport H^+^ \[[@pone.0157684.ref081]\]. There were more over-expressed f-type H^+^-ATPases at 72AP than at 24AP. This suggests that *E*. *sophia* parasitization of *B*. *tabaci* involved increased energy consumption. The host was regulated to produce more energy to supply to the parasitoid. Visser *et al*. found most wasps lacked a lipid synthesis mechanism and could not accumulate energy \[[@pone.0157684.ref082]\]. Therefore, it is reasonable to assume that the parasitoid may continually obtain energy from the host in order to complete its development.

Conclusions {#sec015}
===========

In summary, our study first presented comprehensive transcriptome profiles of *B*. *tabaci* in response to *E*. *sophia* parasitization using RNAseq. The most of differentially expressed genes of *B*. *tabaci* after parasization have potential roles in immunity, development and metabolism to meet parasitoids needs. The transcriptome profiles provided a basis for future research in elucidate the host-parasitoid interaction. In addition, the identified immune-, development and detoxification--related genes may be target for *B*. *tabaci* control.
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